Background: Models of cardiac arrhythmogenesis predict that nonuniformity in repolarization and/or depolarization promotes ventricular fibrillation and is modulated by autonomic tone, but this is difficult to evaluate in patients. We hypothesize that such spatial heterogeneities would be detected by noninvasive ECG imaging (ECGi) in sudden cardiac death (SCD) survivors with structurally normal hearts under physiological stress.
INTRODUCTION
The myocardial action potential (AP) is generated by ion channels and regulatory mechanisms have evolved to ensure ventricular activation remains uniform over a range of heart rates and conditions. As a result, the triggering of ventricular fibrillation (VF) is a rare event in structurally normal hearts including in those patients with genetic mutations in their cardiac ion channels. Models of arrhythmogenesis predict that nonuniformity in cardiac depolarization and/or repolarization promotes VF. 1 Intracardiac mapping studies have demonstrated conduction and repolarization abnormalities in patients with "channelopathies" such as Brugada syndrome (BrS) and also in idiopathic VF, although it is unclear if these are greater in those at higher risk of sudden cardiac death (SCD) events. [2] [3] [4] [5] [6] [7] The surface ECG has also been used to quantify such abnormalities using surrogate measures such as QT dispersion, Tpeakend interval, or QRS dispersion, but have shown little or no prognostic utility in the specific channel mutations. [8] [9] [10] [11] This seeming lack of prognostic utility may relate to not taking autonomic tone into account and/or using tools with limited spatial resolution. Autonomic tone is well described in modulating this arrhythmogenic potential, yet it has not been widely incorporated into riskstratification models. 8, [12] [13] [14] To date, most risk stratification is performed under basal, resting conditions, despite most SCD events being observed to occur at times of autonomic stress (both sympathetic and vagal). Therefore, characterizing the changes in depolarization and repolarization patterns during physiological stress could be crucial in unmasking or augmenting the arrhythmogenic state.
Electrocardiographic imaging (ECGi) is a novel tool that utilizes body surface potentials from a 252 electrode vest and inverse solution mathematics to reconstruct >1,200 unipolar electrograms on a digitized heart surface. Its advantage over the surface ECG is in providing more detailed information on depolarization and repolarization patterns on the epicardial surface of the heart and may be similarly utilized during a physiological stress test (e.g., exercise) owing to its noninvasive functionality.
In this study, we tested the hypothesis that patients with structurally normal hearts who have had VF arrests would demonstrate evidence of increased dispersion of repolarization and/or conduction heterogeneities under exercise-stress conditions using ECGi.
METHODS

Subject enrollment
Three groups of patients were recruited from our center. Patients with aborted SCD and subsequent normal investigations, including coronary angiography, echocardiography, and gadolinium contrast enhanced cardiac magnetic resonance imaging (MRI), were considered to have an electrophysiological substrate in which the regulatory mechanisms of the action potential failed to prevent VF being triggered (SCD group). A second group of patients with BrS and structurally normal hearts, who were deemed to be at low risk for SCD based on current guidelines, was recruited as having a channelopathy with an abnormal electrophysiological substrate but with the action potential regulatory mechanism that presumably still protected from triggering VF (BrS group). 8 Clinical demographics were collected for each individual including family history of an inherited arrhythmic syndrome or SCD occurring before the age of 50 years. Outcome of their programmed electrical stimulation studies, performed previously as part of their clinical work up and according to the protocol described previously, was obtained. 8 The third group consisted of patients with structurally normal hearts who were undergoing electrophysiological studies ± ablation with concurrent ECGi mapping for their arrhythmias (control group). All patients were requested to stop antiarrhythmic medication 48 hours prior to participation in the study.
Study protocol
The ECGi methodology has been described previously and validated. [15] [16] [17] [18] Briefly, body surface potential data obtained via a 252 electrode vest were combined with patient-specific hearttorso geometry derived from a thoracic computed tomography (CT) scan. Using inverse solution mathematical algorithms, the ECGi system reconstructed epicardial unipolar electrograms (EGMs) and panoramic activation and potential maps over a single sinus beat, which was visualized on a digitized image of the patient's heart ( Figure 1A ).
Participants had ECGi and 12-lead surface ECG recordings before, during, and after exercise treadmill testing while in sinus rhythm. Resting baseline recording was obtained for a 5-minute period in the supine position prior. All patients then underwent the Bruce protocol, which was stopped when maximal exertion was achieved. This was defined as reaching and sustaining maximum target heart rate adjusted for age, or cessation owing to fatigue after achieving a minimum of 85% of their maximum target heart rate. Patients were immediately returned to the supine position, where ECGi and 12-lead ECG recordings were performed during a 10-minute recovery period. The study protocol was 
Analysis of 12-lead surface ECG
Conventional surface ECG measures of dispersion of repolarization were calculated from the precordial leads-QT dispersion (QTd), QTc dispersion (QTcd), and Tpeak-end dispersion (Tped). Measurement of QT intervals and Tpeak-end intervals are as described previously. 10, 19 QTd was defined as the standard deviation between the QT intervals in the 12-lead ECG. Tped was defined as the difference between the maximum and minimum Tpeak-end duration in the 12-lead ECG. The Bazett's formula was used for rate correction of the QT (QTc).
Noninvasive activation mapping with ECGi
Three-dimensional (3-D) activation maps during sinus rhythm were automatically generated from the ECGi system and are based on local activation timings (LATs), defined as the steepest negative deflection (−dV/dt) during the QRS complex, of the unipolar EGM. Activation maps were generated at each of the aforementioned phases and the activation timing window on interest was synchronized to allow comparison across phases. Activation maps over three consecutive beats were checked at each phase to ensure consistency. Analysis and the detection of differences in activation patterns across the phases was 
Activation recovery intervals (ARIs) from ECGi unipolar EGMs
The left ventricles (LVs) and RVs were classified into 15 regions ARIs, a surrogate of action potential duration (APD) or repolarization, were derived from the EGM as previously described and corrected for heart rate using the Bazett's formula (ARI/ARIc). 4, 15, 20 Dispersion of global ARI/ARIc was defined as the standard deviation of all 45 EGMs over the heart. As ARI measurements may be performed using either the Wyatt or alternative method, 4, 15, 20 both methods of analyses were performed. Data using the alternative method are presented, but we also include the equivalent data set using the Wyatt method in the Appendix. Dispersion in global repolarization time was also calculated and included in Supplementary Tables S2 and S3 . Global LAT dispersion, defined as standard deviation of the LAT acquired at the 45 points across the heart, was also calculated to provide a measure of conduction heterogeneity globally (Supplementary Table S4 ).
Validation of ECGi ARI values
Noninvasive reconstructed ECGi EGMs and measures of repolarization have been previously compared and validated against direct measures in a canine heart and torso model and on human hearts during intraoperative mapping. 15, 18 We also performed an independent evaluation of this on human hearts in vivo. Comparisons were made between epicardial unipolar EGM morphology and ARI derived from 
Statistical analysis
One-way ANOVA was used to compare the difference in mean change within and between the groups, with post hoc tests adjusted using the Bonferroni procedure. Summary mean changes and their standard deviations are reported so that the variability between the patients can be appreciated. No correction was performed to correct for the testing of many markers of dispersion. Student's t-test was used to compare means between the two groups. Chi-square test was used for comparison of discontinuous variables. Statistical analyses was performed using GraphPad PRISM v5 (Graphpad Software Inc, La Jolla, CA, USA), and a P-value of < 0.05 was considered significant.
RESULTS
The SCD group comprised 11 survivors of documented VF (mean Tables 1 and 2 , and group characteristics and summary of surface ECG and ECGi-derived parameters are summarized in Supplementary   Table S1 . The BrS group comprised individuals without previous syncope and without a spontaneous Type I pattern, and would be deemed low risk by current risk stratification.
Comparison of ECGi and catheter-derived ARI measures
Representative Table S1 ). The amount of change in dispersion measured by any of these parameters also did not differ significantly between the three groups at peak exertion or at 2 minutes into recovery (Figure 2 ).
Global ARI/ARIc dispersion using ECGi
At baseline, there was no difference between the SCD, BrS, and control groups in global ARI dispersion (13 ± 5 ms vs. 15 ± 5 ms vs. 13 ± 5 ms; P = 0.523) or ARIc dispersion (14 ± 5 ms vs. 16 ± 7 ms vs. 13 ± 5 ms; P = 0.402). Only in the SCD group, a significant rise was observed from baseline to peak exertion and into recovery in ARI dispersion (13 ± 5 ms to 17 ± 5 ms to 20 ± 7 ms; P = 0.017) and ARIc dispersion (13 ± 5 ms to 25 ± 8 ms to 26 ± 8 ms; P = 0.0002). In contrast, no significant increase in dispersion across the three time points was observed in the control and BrS groups ( Figure 3A) . Among the three groups, SCD survivors displayed the largest rise in global ARI/ARIc dispersion at peak exertion, with this trend persisting into recovery (Supplementary Table S2 , Figure 3B ). Differentiation between the high-and low-risk groups was only observed at the recovery phase, and not peak exercise on post hoc analysis. Increase in dispersion was higher in the high-risk group (SCD) than in the low-risk group (BrS) in recovery with both ARI (8 ± 8 ms vs. 1 ± 5 ms; P = 0.049) and ARIc (13 ± 8 ms vs. 4 ± 7 ms; P = 0.021) measurements (Supplementary Table S2 , Figure 3B ).
Similar changes were observed with other ECGi measures of dispersion of repolarization corrected and uncorrected for heart rate (Supplementary Tables S2 and S3 ).
Global ARI/ARIc dispersion in the BrS-SCD and iVF-SCD groups
As the SCD group comprised individuals with BrS (BrS-SCD) and iVF (iVF-SCD), a subgroup analysis was performed with comparisons made to the low-risk BrS and control groups (Figure 4 ). For the BrS-SCD subgroup, the rise in ARI/ARIc dispersion was significantly greater than the low-risk BrS and control groups only in the early stages of recovery (2 minutes postexertion: 4 ± 5 ms vs. 4 ± 7 ms vs. 15 ± 6 ms; P = 0.013), but not at peak exercise ( Figure 4A ). For the iVF-SCD subgroup, a statistically greater increase in dispersion was already observed earlier at peak exertion when compared to the control group ( Figure 4B ).
Alterations in conduction patterns following exercise
Representative ECGi epicardial activation maps are shown for a control, BrS, and an SCD patient at baseline and on recovery following exertion in Figure 5A , B, and C, respectively. As previously described in structurally normal hearts during a single sinus heartbeat, the epicardial activation pattern in control was characterized by earliest breakthrough in the RV (marked by *), followed by rapid activation across the ventricles with the postlateral LV base being the latest region to activate ( Figure 5A ). 16, 21 There was interindividual variability in the location of earliest breakthrough in the RV and latest activation in the LV as previously reported in the literature, but the sequence of activation did not alter following exercise in all 10 controls. 16 In contrast, individuals with BrS and SCD events were observed to have alterations in activation patterns following exertion. The earliest site of activation similarly occurred in the RV for both BrS and SCD patients ( Figures 5B and C, respectively) at resting baseline. In the example of the BrS patient shown, an area of delayed activation or conduction slowing (marked by arrows) was observed to appear in the RVOT at peak exertion and became more evident at 2 minutes into recovery. In the example of an SCD patient, an area of conduction slowing appeared in the free RV body at peak exertion and 2 minutes following exertion, but was not previously observed at baseline ( Figure 5C ).
Following an assessment of all 31 patients, regions of conduction slowing manifested following exertion most commonly in the SCD group (n = 9) followed by BrS (n = 6) then controls (n = 0) (81% vs. 60% vs. 0%; P = 0.0006), although post hoc analysis between the SCD and BrS group did not show a significant difference (81% vs. 60%; P = 0.36). The location of conduction slowing occurred mainly in the RV/RVOT for BrS individuals, but could be observed in various sites of the LV and RV in SCD patients. Changes in global LAT dispersion were also examined but no significant differences were observed between F I G U R E 3 A, Global ARIc dispersion at baseline, peak exertion, and recovery for all three groups, with only the SCD group showing significant increase in dispersion across the phases. B, Change in ARIc dispersion from baseline between the three groups at peak exertion and recovery. A significantly greater increase in dispersion is observed in the SCD group than the BrS and control group at recovery the three groups at baseline, peak exertion, or in recovery ( Figure 6 , Supplementary Table S4).
Changes in conduction following exercise in the RVOT in BrS
Conduction slowing became more apparent in the RVOT region following exertion in BrS subjects but not in controls. Supplementary Figure   S2A 
DISCUSSION
In this study, we utilized ECGi to describe the alterations in whole heart activation and repolarization patterns following exercise in SCD survivors with structurally normal hearts. While whole heart spatial heterogeneity in conduction (global LAT dispersion) was not significantly different between groups, patients with previously aborted SCD events had greater increase in global dispersion of repolarization than the low-risk BrS or controls. Conventional surface ECG markers of repolarization did not have sufficient resolution to discern differences between these groups. Interestingly, the SCD patients who also had BrS would have been classified as being low risk by current risk stratification before the SCD event, but these patients showed marked changes in ARI dispersion, raising the possibility of a novel application for ECGi in noninvasive risk stratification.
Surface ECG lacks sensitivity in identifying high-risk individuals
The QT interval is used to screen individuals for abnormally long/short repolarization, but its dispersion across the 12-lead ECG has not been shown to accurately reflect spatial dispersion of repolarization.
Instead, it appears to represent a more basic measure of abnormality of the complete course of repolarization. 9 In the current study, 12-lead ECG measurements failed to differentiate those with SCD either at baseline or following exercise. 9 Tpeak-Tend (Tpe) interval provides an index of total dispersion of repolarization, but has produced discordant results as a marker of risk in the two largest studies to date. 10, 11, 22 In the most recent study in BrS patients, the maximum F I G U R E 4 Comparative changes in ARIc dispersion between A, BrS-SCD, BrS, and control groups, and B, iVF-SCD and control groups from baseline to peak exertion (left column) and to 2 minutes recovery (right column). P-values reflect comparison across three groups (one way ANOVA), except in brackets that reflect post hoc analysis between the two groups indicated (t-test) Tpe and dispersion in the six precordial leads differentiated between those with and without SCD events at resting baseline. 10 We applied the same methodology in calculating the Tpe parameters but found no significant differences between the controls, BrS, and SCD patients with BrS at baseline for either parameter. In contrast, ECGi was able to detect changes in global dispersion of repolarization and differentiate between high-and low-risk individuals in our study, indicating the lack of sensitivity of the 12-lead ECG in adequately characterizing the substrate.
Unmasking a proarrhythmic substrate with exercise in BrS
Augmentation of the ST segment in BrS following exercise has been demonstrated to predict future ventricular arrhythmic events, 12, 23 and is thought to relate to either to inhomogeneities in repolarization or conduction. 24 Two case reports have also documented the occurrence of ventricular arrhythmias in the early recovery phase of exercise. 25, 26 Using exercise stress testing, we demonstrate that BrS patients with previously aborted SCD developed a greater rise in global dispersion of repolarization than those without, which may explain their greater propensity for ventricular arrhythmias. However, even in the presence of large disparities in repolarization or refractory periods, reentry is unlikely to occur unless there is slowing of conduction. The combination of regional conduction slowing and greater dispersion of repolarization, observed in the SCD group following exercise, provides a substrate where reentrant arrhythmias are more likely to occur. Such heterogeneities in ventricular repolarization and conduction may arise either as a response to increased heart rate and/or by direct autonomic influences on the action potential in BrS. 27, 28 The existence of subtle fatty replacement and fibrotic changes not detectable by routine imaging has been described in BrS subjects. 29 At faster heart rates, conduction slowing would occur at these sites, resulting in delayed recovery of local myocardial tissue that may also give rise to an increased dispersion of repolarization. In vivo human studies in BrS have shown increased activation duration and late potential manifestation within the RV at higher heart rates achieved with shorter coupling intervals during pacing. 2, 3 Similar findings were also observed in patients with a spontaneous Type I pattern with isoprenaline on exertion, although it is unclear at which phase of exercise this manifested. 4 We demonstrate the existence of conduction slowing and repolarization dispersion in patients with concealed Type I BrS following exercise for the first time and, more importantly, differences between individuals with and without VF events.
Increased parasympathetic tone during the early recovery phase of exercise leads to acetylcholine release that can facilitate loss of AP dome by increasing the outward potassium (I to ) current, theoretically leading to greater dispersion of repolarization across the 
Unmasking a proarrhythmic substrate in iVF
Sympathetic stimulation is conventionally known to steepen and shift the APD restitution curve downward and thereby increase the F I G U R E 6 A, Global LAT dispersion at baseline, peak exertion, and recovery for all the three groups, with no significant increase in dispersion across the phases in any group. B, No significant change in LAT dispersion between the three groups at peak exertion or in recovery likelihood for APD alternans to occur that is proarrhythmic. 27, 28 While sympathetic stimulation may be protective in BrS, patients with iVF have reportedly had their SCD events in the context of exertion and emotionally/mental stressful events as in 3 of 7 of our cases. 14 Interestingly, cases of iVF have also been reported to occur during vagally mediated states having had out of hospital arrests during yoga (n = 1) and sleep (n = 1). 13 This variation in presentation reflects the heterogeneous nature of our iVF cohort and their underlying ion channel abnormalities. It may explain our observation that global ARI dispersion between iVF and control significantly differs both at peak exertion (sympathetic stress) and also during recovery (occurrence of the vagal reactivation) ( Figure 4B) . A further subgroup analysis according to trigger is of interest, but the number of iVF patients is too small at this stage to allow a meaningful analysis. The precise effects of various autonomic stimuli and variable heart rates on the AP duration and dispersion in vivo for either subgroups cannot be answered by the current study, but is an area that warrants further study.
While no significant differences in global LAT dispersion were observed between iVF patients and controls, regions of delayed activation were observed more frequently in iVF patients following exercise and may play an important synergistic role for reentry in individuals with an increased dispersion of repolarization. In iVF, this nonuniformity or delay in excitability may be due to abnormal repolarization/recovery of the preceding AP locally, an unidentified channelopathy or inherent structural abnormalities not detectable on MRI. 29 
Limitations
Regional localization of steep ARI gradients is of interest but cannot be reliably interpreted based on the number of EGMs analyzed with the current methodology. We selected EGMs at predesignated sites over the heart to perform the analysis, as manually evaluating ∼1,200 EGMs per cardiac cycle would have been very challenging. Assessment of global ARI/ARIc dispersion requires fewer numbers of unipolar EGMs to be analyzed and was of sufficient sensitivity to differentiate lowand high-risk individuals. Although 3-D activation maps are automatically generated by the ECGi system, there is an element of subjectivity in the interpretation of these maps and their changes. We mitigated this by having two independent assessments of the electroanatomical maps and reaching agreement before inclusion into analysis. A qualitative, rather than quantitative, description of the changes in whole heart activation patterns was provided, as regions with more subtle changes in activation sequence (or relative delay) following exercise may not have been detected on visual analysis. Importantly, this level of subjectivity would limit its application as a screening tool.
While post hoc correction was applied for the multiple comparisons between the three groups, we did not correct for the testing of multiple markers of dispersion. Multiple markers of dispersion were only presented given concerns in variance of methods of measuring ARI and whether heart rate correction should be accounted for. Additional data are available in the Appendix and show similar changes. The small numbers in the study do mean a proneness to Type I error, but we have shown that the changes are consistent between the different ECGi measures of repolarization dispersion. The data here are also limited to reconstructed EGMs on the epicardial surface and do not provide insights into changes across the transmural layer that would be relevant in BrS. The role of ECGi in risk stratification needs a larger study involving single etiologies of SCD syndromes and an adjunctive tool capable of automatically and reliably determining the differences observed in activation or repolarization timing. However, the changes in global activation and repolarization patterns under the physiological stress of exercise are an important step in understanding the electrophysiological abnormalities leading to SCD.
CONCLUSION
SCD survivors with structurally normal hearts have greater spatial variation in repolarization in response to exercise. Such properties could predispose to unidirectional block, facilitating reentry and degeneration to VF. This is a novel application of ECGi and a potential technique for more detailed risk stratification of patients with channelopathies.
